Abstract-Fluorescent carbon nanoparticles (CNPs) were synthesized using well-known citric acid and polyethylenimine precursors but under a modified microwave reaction conditions in order to achieve high sensitivity and selectivity for Pd 2+ . The assynthesized fluorescent CNPs with an average diameter of 2-3 nm exhibited good water solubility and photo-stability. The CNPs were systematically characterized using various advanced techniques and the fluorescence study on the as-prepared CNPs showed the excitation-dependent emission properties. Finally, the as-synthesized carbon nanoparticles served as a promising fluorescence probe for Pd 2+ sensing. The sensitivity and the selectivity for Pd 2+ detection were investigated by fluorescence quenching titrations and comparison of various competing metal ions, respectively. The results show that besides the excellent selectivity to Pd 2+ against other metal ions, the limit of detection to Pd 2+ could also reach as low as 12.4 nM, which is much lower than the threshold concentration limit of Pd 2+ in medicine and environmental samples. The findings here indicate that the asprepared CNPs hold great promise as a low-cost sensing material for sensitive and selective detection of palladium.
INTRODUCTION
Palladium is an important group 10 element, which has been widely used in many fields including fuel cells, jewelry, medicine and automobile industry. Especially, Pd-catalyzed reactions exhibit high efficacy that are widely applied in medicine synthesis. Due to the extensive applications of palladium, it is highly possible for Pd 2+ to migrate into the environment. The residual palladium can then be accumulated in food chain and bind with the biothiols, DNA, proteins and Vitamin B, which could impose significant risk on human health. For example, the U.S. federal agency restricts the threshold limit of final concentration of the palladium in drug chemicals in the range of 47.0 to 94.0 μM. [1] Consequently, there exists an urgent need to develop a novel, sensitive and selective probe for palladium sensing. Although the typical analytical techniques, such as atomic absorption spectrometry, plasma emission spectroscopy, solid phase microextractionhigh performance liquid chromatography, X-ray fluorescence, etc. meet the demand of quick analysis with high sensitivity, they are greatly limited by the high cost of instrumentation, poor portability and fieldibility, and requirement of highly trained individuals [2] .
Compared to afore-mentioned analytical methods, fluorescence-based detection possesses distinct benefits, including convenient operation, high sensitivity, costeffectiveness, excellent portability and rapid response. In general, there were two strategies employed for fluorescencebased palladium detection. One strategy for palladium sensing takes the advantage of Pd-catalyzed reactions, such as the Pdcatalyzed cyclization of oxazole, pyrone, and pyrrole, the Pdcatalyzed depropargylation reaction and deallylation reaction, as well as the Pd-catalyzed Heck or the Suzuki-Miyaura coupling reaction, while in the other strategy, Pd 2+ is a strong fluorescence quencher due to the fact that Pd 2+ has a (4d 8 ) electronic configuration. Fluorescence-quenching based sensors for palladium detection are proposed through PET (photo-induced electron transfer) mechanism.
Recently fluorescent carbon nanoparticles (CNPs) has attracted extensive research attention. As one newly emerged nanomaterials, CNPs were coincidentally discovered and obtained through the purification of arc-discharged single-wall carbon nanotubes derived from candle soot by Xu et al. [3] The finding initiated tremendous research interests on investigation and applications of the novel nanoscale carbon materials around the world due to their merits such as excellent optical properties, biocompatibility, water solubility, photo-stability, and facile synthesis. Fluorescent CNPs have also been regarded as a promising candidate to replace the conventional semiconductor quantum dots and organic dyes in various fields, such as fluorescent ink [4] , bioimaging [5] , biosensing [6, 7] , biomedicine [8] , heavy metal ions sensing [9, 10] , explosive detection [10, 11] and light harvesting. [12] Herein, we report a facile synthesis of fluorescent carbon nanoparticles and its application for sensitive and selective palladium ions detection.
II. MATERIALS AND METHODS

A. Preparation of fluorescent carbon nanoparticles
Briefly, 1.0 g of Citric acid and 1 ml of PEI (20% w/v) was dissolved in 2.3 ml deionized water to form a homogeneous and transparent solution. The solution was then heated in the advanced microwave synthesizer (Discover SP, CEM) under 180 °C and 300 W for 1h, during which the solution changed from colorless liquid to a dark brown aqueous solution. Upon cooling, an aqueous solution of the CNPs was purified in a centrifuge (10,000 rmp min -1 , 30 mins) to remove any large or 978-1-4799-8287-5/16/$31.00 ©2016 IEEE agglomerated particles and then dialyzed against water through the dialysis membrane (0.5-1 KDa) to remove the residues of small molecules. The final homogeneous solution was stable at room temperature for months.
B. Characterization
A high resolution transmission electron microscope (HRTEM, JEOL 2010 TEM) at an operating voltage of 200 kV was used to observe the morphology and microstructures of the CNPs. The X-ray photoelectron spectra (XPS) was obtained on a PHI model 590 spectrometer equipped with multiprobes ( Physical Electronics Industries Inc.), using a monochromatic Al K X-ray source (h = 1486.6 eV). The X-ray diffraction patterns were collected on a Rigaku Ultima IV instrument with Cu K radiation operating at 40 KV and 44 mA. Fourier transformed infrared (FTIR) spectra were collected on a Nicolet 560 Fourier spectrometer with a Diamond ATR accessory. The absorption spectra were obtained using a Cary 50 UV-vis spectrophotometer (Agilent Technologies). Fluorescence excitation spectra and emission spectra were measured using a Varian Cary Eclipse fluorescence spectrometer (Agilent Technologies).
C. Detection of Pd
2+ in the aqueous phase
The sensing experiments were carried out by monitoring the fluorescence quenching behavior of the carbon nanoparticles solution upon the addition of target metal ions at room temperature through a fluorescence spectrometer, with excitation and emission slit widths of 5 nm. Briefly, 3 ml diluted CNP solution (1 μL of CNP solution diluted in 3 ml deionized water) was placed in a disposal cuvette and then an appropriate volume of Pd 2+ stock solution was gradually adding into the CNP solution to reach the designed concentrations. Each titration was repeated at least three times and consistent results are reported. Selectivity experiments were conducted by adding different types of metal ions into CNPs solution and the fluorescence quenching was recorded.
The fluorescence emission experiments were excited at 350 nm, and the emission data were collected in the range of 361-600 nm. The quenching efficiency (QE) was calculated as the following equation:
QE=1-I/I 0 Equation 1 Where I 0 is the initial fluorescence intensity in the absence of the analyte and I is the fluorescence intensity in the presence of the corresponding analyte.
III. RESULTS
A. Morphology and characterizations of CNPs
TEM imaging (Figure 1a ) reveals the amorphous structure of the as-synthesized CNPs which have an average diameter of 2-3 nm. As shown in Figure 1b , the XRD pattern of the CNPs shows a broad peak centered at around 20°, which also corroborates the amorphous feature of the CNPs, in good agreement with the TEM results. The Fourier transform infrared (FTIR) spectra is further employed to determine the functional groups of the CNPs and the result are shown in Figure 1c . The peaks at 1635 cm -1 and 1400 cm -1 are attributed to the C=O binding vibration. The peak at 1305 cm -1 and 1222 cm -1 are assigned to the stretching vibration of C-N bond. The results here suggest that several functional groups might exist on the surface of the CNPs, including amine, hydroxyl and carboxylic groups, which endow the as-prepared CNPs hydrophilicity and stability in aqueous phase. Figure 2a shows the excitation and emission spectrum of the diluted CNPs solution under the emissim wavelength and excitation wavelength of 450 nm and 350 nm, respentively. The emission spectrum of carbon nanoparticles with excitation of 350 nm shows that an emission peak at 450 nm is observed, indicating the blue emission of carbon nanoparticles. The excitation spectrum (using emission = 450 nm) displays a broader peak centered at 350 nm, presumably implying one kind of excitation energy trapped on the surface of the carbon nanoparticles. The CNPs solution excitated using 365 nm and 405 nm wavelength LEDs exhibited blue fluorescence emission PL behavoir of the as-prepared CNPs solution (Figure 2b) . However, the CNPs solution displays the cyan fluorescence using longer wavelength LEDs (e.g., 420 nm and 455 nm) for excitation due to the broad range of the emission peak (from 400 to 550 nm) observed in Figure 2a and d. The UV-vis spectrum of the diluted CNPs solution in water (Figure 2c ) exhibited two peaks at 240 nm and 350 nm, which were ascribed to n-* transition of C=O bond and -* transition of the C=C bond, respectively. Figure 2d illustrates the detailed emission spectra with various excitation wavelengths from 290 to 450 nm with an increment of 10 nm. When the excitation wavelength is varied from 290 to 390 nm, no obvious shift was observed for the fluorescence emission peak, which centers at ~ 450 nm with the highest emission intensity occurred at the excitation wavelength of 350 nm. This result is consisted with the fact that absorption peak is observed at ~350 nm in Figure  2c . Further increasing of excitation wavelength, the corresponding emission peaks shift bathochromically, but the intensities are greatly decreased. This kind of excitation dependent PL behavior is common in fluorescent carbon materials, and is possibly contributed to the surface state affecting the band gap of CNPs or different nanoparticle compositions and structures as well as nanoparticles of different sizes. Owing to the interesting PL behavior and good water solubility/stability, the fluorescent carbon nanoparticles have been widely applied as chemosensors for metal ions detection, in which the functional groups on nanoparticles played a pivotal role. Surface functionalization of the CNPs could be realized through synthesis using different precursors or doping elements. [12] Especially, the abundant surface functional groups (carboxyl groups, hydroxyl groups and amine groups, etc.) on the surface acted as ligands to interact with metal ions sensitively and selectively. For example, the fluorescence of CNPs was quenched in the presence of metal ions (such as Fe 3+ , Cu 2+ , Hg
B. Optical property of CNPs and its application for Pd
2+
) through electron transfer between the CNPs and metal ions, inner filter effect, and charge transfer. However, to the best of our knowledge, Pd 2+ detection through fluorescent CNPs has not been reported.
The study of fluorescence quenching in the presence of Pd 2+ was carried out by titration experiments upon addition of various concentration of Pd 2+ into diluted CNPs solution. As shown in Figure 3a) , the fluorescence intensity of CNPs with the emission peak center at ~450 nm gradually decreased with the increasing concentration of Pd 2+ and then fully quenched by 8 μM of Pd 2+ under the excitation wavelength of 350 nm. The detection limit of 12.4 nM was calculated using 3 /slope, while represents standard deviation. In addition, the intensities for the CNP emission peaks at 450 nm were plotted versus the concentration of Pd 2+ and are presented in Figure 3b In summary, we have synthesized fluorescent carbon nanoparticles by using citric acid and PEI as precursors through a modified microwave-assisted method. The as-synthesized CNPs showed good solubility and stability in aqueous solution and excitation-dependent PL properties. In addition, the carbon nanoparticles displayed high sensitivity and selectivity toward Pd 2+ detection with the limit of detection as low as 12.4 nM. These findings suggest that the as-prepared carbon nanoparticles could provide a new strategy for sensitive and selective Pd 2+ sensing, which is simple, cost-effective and environment friendly.
